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INTRODUCTION 
In his invitation to me to present this Keynote Lecture, Dr. Don 
Thompson suggested that I focus on some experimental and theoretical 
developments supporting our intended ultrasonic examination of the 
Pressurized Water Reactor. The Central Electricity Generating Board 
(CEGB) is proposing to introduce the PWR into Britain and an official 
Public Inquiry is currently being held into all aspects of this 
proposal. In the Inquiry quantitative NDE has an important function 
in the crucial area of establishing reactor pressure vessel integ-
rity. Now I recognise that the interest of many conference partici-
pants is in the application of NDE to aircraft components. However, 
despite the differences in scale and geometry between aircraft and 
nuclear pressure vessels, I believe you will see strong similarites 
in our methods and approach. I trust, therefore, that my talk will 
illustrate by example some important general aspects of the applica-
tion of quantitative NDE to inspection reliability, and so introduce 
a broad discussion of the Conference's themes. 
To say something of the organisation for which I work, the CEGB 
is one of the largest electricity supply utilities in the world, with 
about 55,000 MW installed capacity and a further 14,000 under con-
struction. NDE has always played its part in the manufacture and 
in-service inspection of plant, but the Generating Board gave a large 
impetus to inspection developments in 1970 when it established the 
Non-Destructive Testing Applications Centre in Manchester. The remit 
of the Centre has been to improve the effectiveness of NDE in the 
field. The Centre has grown through its success and now there are 
about 40 scientific staff under the functional control of the Centre. 
The Manager of the Centre is Dr. John Whittle, and he is also the 
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official witness on NDE at the Public Inquiry. To indicate other 
major engineering projects which the Centre and associated colleagues 
have been involved in, I would cite the automated inspection of the 
new 1~00 MW hydro-electric pumped-storage plant at Dinorwig in North 
Wales , and the vast inspections o~ the gas circuits in the older 
gas-cooled Magnox nuclear stations 
The next section of the paper gives some background to the 
way in which quantitative NDE features in the Public Inquiry. The 
two following larger sections give some details of complementary 
pieces of evidence in the case presented to the Inquiry on NDE 
reliability. The first evidence is from a 'round robin' ultrasonic 
test block exercise called The Defect Detection Trials; the second 
is a prediction of defect detection capability based upon a theore-
tical model of the ultrasonic examination process. The following 
section is not concerned specifically with the PWR; it briefly 
reports on a new range of NDE standards which codify best current 
practice in manual ultrasonic examination and which give quantitative 
guidance to design and fracture mechanics engineers on the capabilit-
ies of NDE techniques. In conclusion I will use these examples to 
draw some general conclusions about our approach to developments in 
quantitative NDE. 
QUANTITATIVE NDE IN THE PUBLIC ENQUIRY 
For a variety of reasons the Central Electricity Generating 
Board wishes to introduce the PWR into Britain. A site has been 
chosen for the first such plant on the Suffolk coast next to the 
Magnox nuclear station called Sizewell 'A'. The Public Inquiry into 
the proposed Sizewell 'B' was instituted by the Secretary of State 
for Energy and will last well over a year from its start in January 
1983. Public Inquiries are conducted rather like court cases and 
the presiding Inspector recommends to the Government whether, and 
with what provisos, the project should be allowed to proceed. The 
Sizewell 'B' Inquiry is widely regarded as a formal opportunity to 
debate in public Britain's future policy on nuclear energy. 
All aspects of the proposal are being examined - economic, 
environmental, planning and safety. Safety is naturally of great 
public concern and attention has focussed on the structural integrity 
of the reactor pressure vessel. This has been an issue in Britain 
since the early 1970's when the then Government's Chief Scientific 
Adviser, Sir Alan Cottrell, expressed serious reservations. A 
senior study group was set up under Sir WalterjMarshall to !ogk into 
this and they published their findings in 1976 and in 1982 ' • 
They were basically satisfied with the PWR vessel integrity, but 
made many substantial recommendations, including ones for an improve-
ment in ultrasonic NDE to well above that required by the ASME Boiler 
and Pressure Vessel Code. Their views on ultrasonic inspection 
were influenced by the results of the notable 'PISC' round robin 
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exercise6 ,7 in which three full sized, defective test specimens rep-
resenting regions of a PWR were examined by 28 teams to the minimum 
requirements of the ASME Code, Section XI. Subsequent destructive 
examination of the specimens showed that some very large crack-like 
defects had not been reported according to this particular procedure. 
The Marshall recommendations have been almost totally adopted by the 
Generating Board. Nevertheless, the questions of vessel examination 
and integrity have been re-opened by the Public Inquiry, and the 
case for reliable ultrasonic procedures must still be made with all 
thoroughness if the PWR project is to be allowed to proceed. The 
Public Inquiry, therefore, will subject quantitative NDE to detailed 
public scrutiny. 
In order to give the assurances being sought, the CEGB has gone 
to great lengths to ensure effective, reliable and 'validate~' tech-
niques, as the published evidence to the Inquiry makes clear. Two 
parts of this evidence are discussed briefly in the next sections. 
It was clearly a priority to correct the quite unjustifiably bad 
impression of ultrasonic capability left by the PISC exercise. To 
this end the Defect Detection Trials round robin was organised by 
the United Kingdom Atomic Energy Authority to show the far higher 
performance obtained by ultrasonic procedures, like those used 
traditionally in Britain, which use higher sensitivity and more 
ultrasonic probes than ASME XI requires. 
THE 'DEFECT DETECTION TRIALS' 
The Defect Detection Trials (DDT) were in two phases. The obj-
ective of the first was to demonstrate the ability of ultrasonics 
to detect, locate and size defects in the body of 250 mm thick vessel 
seam welds. Phase II, which was on a smaller scale, addressed the 
capabilities for detection, location and sizing in the region just 
under the stainless steel cladding layer. Defects were deliberately 
introduced into test blocks which were then examined in turn by sev-
eral specialist teams from Britain and Europe. Each team specified 
its own procedure in advance and these were witnessed during the 
examination by independent invigilators. The nature of most of the 
Figure 1 
(a) (b) 
Multi-probe pulse-echo (a) and tandem (b) arrays used 
by CEGB-Babcock team in the Defect Detection Trials. 
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defects was such that, even before destructive examination, their 
true sizes were known (but only to the project organizers) to an 
accuracy of about ± 3 mm. A limited destructive examination has now 
been undertaken which very largely confirms that the actual defects 
had the anticipated sizes. Full accounts of the DDT exercise have 
been presented at a UKAEA seminar in October 1982 ~nd these have 
since been published in the British Journal of NDT. Our current 
purposes are served if I discuss only the Phase I examination carried 
out by the tetB from the NDT Applications Centre, assisted by Babcock 
Power Limited . The reason is that this is essentially the proce-
dure designed by the Centre for the vessel seam welds of Sizewell 'B' 
and so is the most relevant at the Public Inquiry. It also proved 
to be the most effective procedure in the trials, notwithstanding 
the very good results obtained by other teams, particularly the two 
UKAEA teams. 
The two test specimens in Phase I were 250 mm thick steel 
plates, 1.5 metres square, clad with austenitic weld metal. In each 
plate was a central, full section seam weld containing the deliber-
ately introduced planar defects. The CEGB team conducted a fully 
automated examination, though the ultrasonic techniques themselves 
were entirely consistent with the traditional British approach of 
using a wide range of probe angles and a high sensitivity (about 5% 
ASME DAC recording level and 3 mm equivalent flat-bottomed hole 
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c) Actual defects 
Comparison of defects as reported by CEGB with actual 
defects in Plate No, 1 of the Defect Detection Trials. 
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(= 20% DAC) 'action' level). Figure 1 (a) and (b) shows the multi-
probe pulse-echo and tandem arrays respectively. The plates were 
first scanned quickly to show, using a simple threshold-crossing 
ultrasonic display, those areas which required further investigation. 
These areas were then re-scanned with the same probes, but now the 
Micropulse digital, computer controlled flaw detector was used to 
record the ranges and amplitudes of all significant peaks in the echo 
train. Further supplementary scans were conducted with focussed and 
other special probes. The digital data were processed by a small 
computer to give plots on paper in the form of engineering drawings 
of the weldments showing how the defects appeared to the ultrasonic 
beams. Careful thought was given to the interpretation of all feat-
ures of these plots since it turned out that many echoes had arisen 
from multiple scattering of pulses. By painstaking interpretation 
of all the ultrasonic indications we arrived at consistent descrip-
tions of the defects and reported the results shown in Figure 2(a) 
and (b), which can be compared with the actual defects in (c). 
Table 1 Summary of number of defects detected by various probes 
in CEGB-Babcock DDT examination. Here the tandem array 
is counted as only one probe. 
N° of Defects Detected 
Probe Unclad Clad 
onc:t hlirect Total Direct hllrect Total 
45°, 29 10 36 17 11 21 
46'/ 33 15 :rr 18 17 27 
6Cf ...... 42 11 43 32 15 35 
6Cf/ 39 21 42 28 18 30 
7ft ........ 42 4 42 19 0 19 
7ft-- 43 5 43 21 0 21 
rf t 19 0 19 17 0 17 
46'V 8 1 9 22 1 22 
45°V 9 0 9 22 0 22 
Tandem 44 0 44 44 0 44 
lbtaI 308 87 324 240 62 258 
Table 2 Defects detected by the narrowest margins in CEGB-Babcock 
DDT inspection. 
Clad lb:IId 
Minimum number of probes detecting 
a defect above 3mm F.B.H. Threshold. 3 4 
Amplitude above threshold of peak signal. 18 dB 24 dB 
Amplitude above threshold of weakest 
peak signal from defect. 3-6 dB 6-9 dB 
Number of probes detecting defect. S 7 
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Some statistical analysis of these results will quantify our 
defect detection and size measurement capability. Table 1 lists the 
number of defects that were found about the 3 mm FBH (~20% DAC) level 
by each of the various probes in independent examinations from the 
clad and unclad sides of the plates. Detections labelled 'indirect' 
were ones in which the defect was found by virtue of a large multiply 
scattered signal. There were 44 non-trivial planar defects and all 
were found by the tandem array alone, even though some were unfavour-
ably tilted by 200 • Moreover, this summary of the tandem results 
hides the fact that some defects were detected by two or more pairs 
of tandem probes. Dividing the total number of detections (308 + 67 
+ 240 + 62 = 677) by the 44 defects, we see that on average each 
defect is detected in all about 16 times over (counting tandem as 
one detection). If is, of course, not sufficient to look at the 
average rate of detection, and so Table 2 gives results for those 
extreme defects which were detected least well. These 'least detect-
able' defects can be thought of in two ways : the defect which is 
recorded by the least number of probes, or alternatively, the one 
which gives the smallest peak signal about the 3 mm FBH amplitude 
level. The values in Table 2 show that according to neither inter-
pretation is the detection of these 'least detectable' defects at 
all marginal. The final statistics are in Table 3 and relate to 
the accuracy of defect through-thickness size and length measurement. 
I stress that these accuracies were obtained in the 10-inch thick 
plate using essentially conventional methods, that is, without holo-
graphy, SAFT, Adaptive Learning recognition methods, Time of Flight 
or other sophisticated research-based techniques. 
Our success and that of other teams in the Defect Detection 
Trials has gone a very great way to re-establishing confidence in 
ultrasonic NDE. To close this section on test block trials I mention 
that a round robin sequel to PISC, called 'PISC II', is currently 
about half way to completion. Colleagues and myself have carried out 
a fully automated inspection of a Westinghouse-type PWR inlet nozzle 
specimen using procedures and equipment designed at our laboratories. 
Automated examinations of this kind will be required on the Sizewell 
vessel in 1984 should the Public Inquiry decide in its favour. 
Table 3 Errors (mm) in defect size measurement in CEGB DDT 
inspection based on the 37 defects of well-defined 
size. 
~on Through Thickness Length Surface Nean Standard Mean Standard Scanned Error Deviation Error Deviation 
Clad -1.0 ± 2.5 -2.8 ± 6.2 
Unclad -1.1 ± 2.2 -1.5 ± 6.7 
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THEORETICAL CONFIRMATION OF ULTRASONIC CAPABILITY 
In order to give a balanced impression of the CEGB's case to 
the Public Inquiry for reliable examination, I must say something of 
theoretical developments which complement the test block trials. The 
test block trials are invaluable in giving confidence in the pract-
ical application of an ultrasonic procedure, but in themselves they 
fall short of a complete demonstration of reliability; trials are 
necessarily restricted to only a limited number of defects, too few 
to support statistical claims for very high NDE reliability in det-
ecting arbitrary defects. Clearly one also requires a basic physical 
understanding of the ultrasonic techniques to give confidence that 
small changes in the procedure or the defect population would not 
cause a drastic loss of effectiveness. In general this understanding 
can come from supporting laboratory experiments and simple theoret-
ical arguments. However for certain components of particular concern 
in the PWR we have developed a more sophisticated, quantitative 
model of the ultrasonic examination process so that we can inter-
polate between and extrapolate beyond the particular defects exam-
ined empirically. An 0Yrline of the model is presented in another 
paper to the Conference • Here I discuss its use and mention an 
illustrative application. 
The model essentially allows one to predict the ultrasonic 
signal amplitude and its dynamic behaviour when specified trans-
mitting and receiving probes scan in a specified way over a spec-
ified crack-like defect. As a particular application, we can con-
sider how such a model might be used to confirm that all plausible 
planar defects of concern in a PWR girth weld would be detected by 
the procedure designed by the NDT Applications Centre and tried out 
in the Defect Detection Trials. One line of approach would be to 
postulate a range of defects in the welds and, following use of the 
model, to calculate the average probability of detection; a judgement 
would have to be made as to whether the predicted detection pro-
bability was high enough. This approach is quite valid, though it 
suffers from the difficulty that one can not know the statistical 
distribution of defect properties a priori, and the detection prob-
ability will depend on the assumed form of this distribution. To 
circumvent this problem we have adopted a rather more deterministic 
approach in which attention is concentrated upon extreme cases, that 
is, upon those defects which are the most difficult to detect. Thus 
we argue that if one can identify a planar defect which is about the 
least detectable of all plausible defects of concern, and if one can 
go on, using theoretical models, to show that such a defect would 
nevertheless be detected, then one can have confidence that all 
defects of the same size or larger would be found at least as readily 
by that procedure. The difficulty with this approach is that it is 
conservative, that is, pessimistic in its assessment of detection 
capability. Consequently, it can lead to quite satisfactory pract-
ical procedures appearing inadequate. It also requires judgement, 
8 J.M. COFFEY 
based on metallurgical evidence, in the choice of plausible least 
detectable defects, since it is always possible to postulate hypo-
thetical defects which would escape detection by the most thorough 
of procedures. 
In general the argument proceeds in two stages which can be 
iterated: i) identification of the 'least detectable' defect, and 
ii) calculation of its detectability. For the seam weld procedure 
described in the previous section tj2 details of this argument have 
been given in full in a CEGB report and summarized in references 
8 and 13. The 'least detectable' defect is identified as being about 
a 20 mm diameter circular crack; it is situated about 70 mm below 
the vessel surface, so that it cannot benefit from 'corner' reflect-
ion, and tilted at about gO or 100 to the through thickness direction 
so that it is unfavourably oriented for detection both by the tandem 
and 700 pulse-echo probes. Also it is sufficiently rough on its 
faces and edges to attenuate the diffracted signals, yet without 
being rough enough to be detected by means of diffuse scatter from 
the crack face. Also it suffers the adverse effects of variable 
austenitic cladding and ultrasonic coupling. 
The theoretical calculation of this defect's detectability has 
been carried out in three stages. First we take the limiting case 
of the crack being smooth, and temporarily set aside the cladding 
and coupling effects. Using the model we calculate the signal as a 
function of probe position for each probe and compare it to the 
threshold, conservatively chosen as the 3 mm FBH level (about 20% 
DAC). Figure 3 is an example for the case of tandem examination. 
Indirect detections involving multiple scattering between defect 
and the vessel surfaces, including those via mode conversions from 
shear to compression waves, can also be treated in this way. From 
such results we express the detectability of the smooth defect by 
i) the number of probes which find it, ii) the number of scan lines 
in the raster on which it breaks the threshold and iii) the largest 
peak amplitude. Recently we have reassessed this calculation to 
confirm its numerical accuracy, and also introduced the concept of 
an 'index of detectability'. This is a single value combining the 
above three quantities an14thus conveniently summarises the overall 
detectability of a defect • 
At present there are no mathematical techniques which accurately 
predict the effects of general roughness on the faces of cracks. 
Guided by a Kirchhoff theory of roughness, we lIlade appropriate 
measurements on a suite of crack face specimens spanning the spectrum 
of roughnesses. This gave a typical value to use for the signal 
attenuation resulting from the most unfavourable conditions of rough-
ness. Austenitic cladding and an uneven finish on the vessel surf-
aces scanned by the probe also introduce a variable attenuation. The 
detectability of cracks suffering the attenuations arising from 
THE RELIABILITY OF ULTRASONIC INSPECTION 
.10 Bottom edge signal. 
Amplitude 
(dB) 
relative 0 ·aeti.o~. 







lop edge S;g-;;;;\ 
\/ 
200 
posilion of fronl probe, x (mm) 
250 
9 
Figure 3 Predicted signal amplitude when a 20 mm diameter circular 
crack at 184 mm depth, 100 tilt in vessel shell is scanned 
by one pair of probes in the tandem array. Note that the 
signals from the two crack edges are resolved in range. 
crack roughness and cladding were estimated by taking the model 
predictions for the equivalent smooth defects and lowering the sig-
nals by the experimentally determined amounts with respect to the 
threshold. 
From this chain of reasoning we conclude that this 'least 
detectable' defect would nevertheless still be well detected by two 
pairs of tandem probes and by the two 700 probes in the examination 
from the unclad side of the vessel, and further detected from the 
clad side. In accord with metallurgical evidence the initial cal-
culations took the defect to be unskewed, that is, to lt~ exactly 
parallel to the weld axis. Recently model calculations have shown 
that thus adversely rough, gO tilted defect would be detected even 
when skewed by at least up to 50; defects having other inclinations 
to the through-thickness direction would be detected at even higher 
skews. The conclusions of our theoretical assessment are consistent 
with the detectabilities obtained when the procedure was used in the 
Defect Detection Trials. In general we believe that the joint appli-
cation of test block trials and theoretical model calculations along 
these or other lines gives a soundly based, quantitative case. 
QUANTITATIVE NDE STANDARDS 
The discussion so far has dealt mainly with the sophisticated 
automated ultrasonic examinations which are very much a part of 
assuring the integrity of the PWR reactor pressure vessel. The 
vessel and other PWR components will also be examined manually during 
fabrication, and this allows me to introduce some significant UK 
developments in the codes and standards which govern everday manual 
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ultrasonics. Over about the last five years the British Electricity 
SUpply Industry (ESI), comprising power utilities and plant manufac-
turers, has been preparing a wide range of new NDE standards. The 
developments can be illustrated by reference to the ESI Standards for 
ultrasonic .probes and for manual weld examination. 
The three probe standards IS differ from previous documents in 
that they define in a quantitative way the levels of performance 
which are required. For instance, they specify acceptable limits to 
sensitivity, probe int~nal reverberations, pulse length, beam angle 
etc. These standards are being enforced by a CEGB approval scheme 
run from the NDT Applications Centre. Probe manufacturers have been 
invited to apply for this approval; the probes are sample tested, 
and their manufacturing quality control is audited. Both the probe 
standards and the approval scheme have been warmly supported by probe 
manufacturers, and there has been a dramatic improvement in probe 
quality with little increase in cost. 
Quantitative requirements are also in t~6 course of being intro-
duced into the Standard for weld examination • Not only do they 
now codify best current practice, but they give guidance in tabular 
form to non-specialist users of NDT as to the capabilities of current 
practice in detecting, measuring and characterising defects. For 
example the document acknowledges that there is a limiting defect 
size, in length and through-thickness, below which it is not possible 
to make a useful size measurement. Typical values of these threshold 
sizes are listed. For larger defects a useful measurement can be 
made, though this will involve modest errors and uncertainties. 
Typical value of these errors are also listed. It is well recognised 
that in, say, pipework welds the inspection capabilities can be 
constrained by limited access to scanning surfaces and by the cond-
ition of any counterboring. The standard also indicates these res-
trictions. These weld standards are therefore a contribution to the 
continual re-appraisal within the industry of joint designs, weld 
acceptance standards, etc., which is aimed at ensuring compatability 
between plant design and inspection, in the furtherance of quality 
and cost-effectiveness. 
SOME CONCLUSIONS 
At the beginning of the lecture I said my aim was to use some 
of the recent NDE developments cited at the Sizewell 'B' Public 
Inquiry to illustrate our general approach in quantitative NDE. On 
the subject of the Public Inquiry, I have necessarily had to be very 
selective from the vast amount of research and development carried 
out. Nevertheless, we have looked at the Defect Detection Trials, 
at their complementary theoretical models and at the progress in 
quantifying the performance of manual NDE. These, when put in the 
overall context of yessel inspectability and NDE quality assurance, 
make a thorough,quantitative and convincing case that the Sizewell 
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PWR would be examined using highly reliable ultrasonic methods. 
Looking more broadly at our experience, I will choose just three 
aspects of our approach which in our experience have proved fruitful. 
Firstly, the CEGB Non-Destructive Testing Applications Centre pro-
vides a most valuable bridge between scientific research and field 
application. Though an R and D unit, it is placed close to the 
electricity generating organization and this means that the scien-
tific staff have a familiarity with the industry's NDE problems; 
consequently they can respond quickly and effectively to the real 
needs. Equipment developments and research programmes are motivated 
by user needs and so are readily acceptable to operational manage-
ment. Secondly, we endeavour to pursue a quantitative scientific 
approach to solving the industry's technical problems. For instance, 
though we well recognise the importance of round robin trials, we 
temper our enthusiasm by acknowledging their intrinsic limitations 
and stress that a basic physical understanding of the NDE techniques 
is essential to confident application. Similarly, we aim to make an 
understanding of the engineering and scientific issues precede expen-
sive instrumentation development. Finally, the talk has illustrated 
our involvement in collaborative projects. NDE research and develop-
ment can be very expensive and there is value in pooling resources, 
commercial interests notwithstanding. DDT and PISC II are examples 
of our participation in test block trials in close association with 
Babcock Power Ltd. In the theoretical modelling we have worked with 
colleagues led by Dr. G. Wickham at Manchester University, and with 
others at CEGB Berkeley Laboratories and UKAEA Harwell. Also prep-
aration of the new Electricity Supply Industry Standards illustrates 
close collaboration between power utilities and plant manufacturers. 
I am sure you will recognise parallels here with the development 
of quantitative NDE in your own fields. I hope these examples have 
opened up themes for continued discussion, and now I look forward to 
hearing your views, experiences and results. 
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